The signal intensity of diŠusion-weighted imaging (DWI) is sensitive to the intra-and extracellular diŠusion coe‹cient of water and cell membrane permeability. We applied a method we proposed in previous papers to estimate noninvasively the membrane permeability and intracellular diŠusion coe‹cient of normal human brain (gray matter) in 3 normal volunteers. We theoretically compared predicted signals and experiment results using a 1.5-tesla magnetic resonance (MR) imaging system. We acquired images using an echo planar imaging (EPI) sequence, applying motion-probing gradient (MPG) pulses in 3 directions. We periodically performed numerical simulations for various combinations of membrane permeability and intracellular diŠusion coe‹cients using theˆnite-diŠerence method. By minimizing the diŠerence between signals obtained experimentally and those from numerical simulation, we could estimate membrane permeability (76±9 mm 2 /s mm) and intracellular diŠusion coe‹cient (1.0±0.0 mm 2 /s) for the human brain. The estimated membrane permeability was the criterion value for diagnosing disease in gray matter.
Introduction
The diŠusion of water in the presence of permeable membranes in biological tissues is fundamentally important. DiŠusion-weighted imaging (DWI) using magnetic resonance (MR) imaging re‰ects the in‰uence of the intra-and extracellular diŠusion coe‹cient of water and cell membrane permeability. In a sample with no internal barriers, such as liquids, the logarithm for signal intensity is proportional to the b factor of the motion-probing gradient (MPG). The relation does not hold for biological tissues in which restricting barriers interfere with the free translational motion of water molecules. 1 Various models have been proposed to clarify the relation between diŠusion MR imaging signals and diŠusion properties in cells, 2 and numerical simulation of water diŠusion is useful for estimating cellular variables. 3 Previous diŠusion MR imaging studies have focused mainly on measuring the eŠective diŠusion coe‹cient of water molecules in biological tissues, but details of the underlying microscopic structures were not clear. If we can formulate this relation or numerically predict the signals of diŠusion MR imaging for samples having various microscopic structures, we can estimate the unknown diŠusion parameters, such as the shape of the cells and membrane permeability.
Our group has clariˆed the conditions for precise simulation of diŠusion MR imaging using thê nite-diŠerence method, 4 and we have proposed a method for estimating the unknown permeability of cell membranes based on a comparison of theoretic numerical simulations and experimental results using theˆnite-diŠerence method. Further, we evaluated the membrane permeability of leukocytes 5 and the rat brain 6 using a 4.7T MR imaging system. Our purpose was to apply the proposed method to normal human brain (gray matter) and estimate membrane permeability using a 1.5T MR imaging system. One goal was to apply the proposed method to the diagnosis of brain disease, and the estimated membrane permeability provides a reference for such diagnosis.
Materials and Methods

Simulations
We performed the diŠusion simulation derived from the Bloch-Torrey equation 7 using theˆnite-diŠerence method 6 (see Appendix). Simulations were performed on a numerical model of biological cells whose volume fraction of intra-and extracellular spaces was 78:22. 8 The cell body of the typical neuron is about 20 mm in diameter. 9 In this study, each cell was modeled as an 18-mm 2 square and arrayed in 8 rows and 8 columns (Fig. 1) . The square shapeˆts theˆnite-diŠerence grids, and the area of this square cell is approximately equal to that of a 20-mm circle. The extracellular diŠusion coe‹cient, Dext, was Dext＝1.4×10 The intracellular diŠusion coe‹cient, Dint, ranged from 0 to 1.4 ×10 -3 mm 2 /s, and membrane permeability, P, ranged from 0 to 1.0×10 5 m/s. MPGs were applied in the x direction with pulse duration of d＝25 ms, pulse interval of D＝50 ms, and intensity of up to G ＝51.8 mT/m. Separation between grid points was Dx＝0.5 mm and time steps, Dt＝40 ms.
Experiments
The Ethics Review Committee of the University of Tokyo Hospital approved the study, and each volunteer gave informed consent. Three normal male volunteers aged 19 to 21 years underwent imaging with a 1.5T Signa HDx MR imaging system (General Electric, Milwaukee, WI, USA) equipped with a brain coil. MR images were acquired using echo planar imaging (EPI) sequence and applying MPG pulses in 3 directions. Acquisition parameters for the sequence were repetition time (TR)＝5500 ms; echo time (TE)＝61.9 to 111.4 ms (the change of TE using the optimum TE function showed no signiˆcant diŠerence in the signal); 
Evaluated function
The cell membrane permeability and intracellular diŠusion coe‹cient of the human brain were unknown. We periodically simulated various combinations of these parameters. We deˆned an evaluative function as the diŠerence between the signals of a numerical simulation and the experimentally obtained signals averaged over the 3 MPG directions. We estimated the unknown parameters bŷ nding a combination of parameter values using the following function:
where Ssim(bi, P, Dint) was the signal intensity obtained from simulation and Sexp(bi), that obtained from the experiment. The combination of P and Dint, corresponding to the minimum value of F, gives the membrane permeability and the intracellular diŠusion coe‹cient of the human brain.
Robustness of simulation for noisy data
We veriˆed the relationship between noise intensity in data and the estimated results when the noise was mixed with the DWI signals of the normal human brain. The method of estimation was the same for DWI signals that did not mix with noise. We randomly generated Gaussian noises, controlled by standard deviation, using Mathematica (Wolfram Research, Champaign, IL, USA) and added noise to DWI signals, which were normalized with the signal of b＝0 (so that the signal at b＝0 was 1.0). The standard deviation, SD, ranged from 0 to 0.07. The signals acquired from the human brain contained noise even before random addition of artiˆ-cial noise. We evaluated the signal-to-noise ratio (SNR) as:
where SI represents the signal intensity of the sample and SDair, the standard deviation of noise. SDair was sampled from the air region free from artifacts in the phase direction.
Results
Simulations Figure 2 (a) and (b) shows the relationships between the b factor and the logarithm of the signal intensity of the simulation for several values of the intracellular diŠusion coe‹cient and membrane permeability. An increase in b factor caused a decrease in signal intensity. In Fig. 2(a) , the intracellular diŠusion coe‹cient varied between 0.0 and 1.4×10 -3 mm 2 /s with membrane permeability of P＝0.0 m/s. Although the attenuation curves for the parameters of Dint＝0, 0.27, 0.58 were not linear in particular, as Dint enlarged, they approximated linearity. Superˆcially, the model resembled the conventional fast and slow diŠusion water pool model because extracellular space had a fast diŠu-sion coe‹cient and intracellular space had a slow diŠusion coe‹cient, and there was no exchange of water between extra-and intracellular space without membrane permeability (P＝0). However, our model included interesting eŠects the conventional model could not express. When the intracellular diŠusion coe‹cient, Dint, was 1.4×10
/s, the extra-and intracellular spaces had equal diŠusion coe‹cients. In this case, if the simulation model followed the conventional model, because the whole simulation model had uniform diŠusion coe‹cients, the attenuation curve of the signal intensity was expected to become a linear attenuation given by equation ln(S(b)/S(0))＝-bD, where S(b) and S(0) are the signal intensities with and without MPG. However, the curve in Fig. 2(a) indicated nonlinear attenuation and was derived from the restriction of diŠusion by the membrane.
In Fig. 2(b) , membrane permeability varied between 0.0 and 1.0×10 5 m/s. The intra-and extracellular diŠusion coe‹cients were equal (Dint＝ Dext＝1.4×10 -3 mm 2 /s). In this case, the eŠective diŠusion coe‹cient across the membrane became equation 1/(1/D＋1/Pdx), which was derived from equation (5) , and 1/(1/D＋1/Pdx) was equal to P/(P/D＋1/dx). The eŠective diŠusion coe‹cient neared zero as membrane permeability, P, neared zero. In this case, water was not exchanged between extra-and intracellular space because the membrane served as a barrier. In contrast, if P increases extremely, 1/Pdx is so small as to be ignorable in comparison with 1/D, in which case the eŠective diŠusion coe‹cient is nearly equal to D, an eŠect of the membrane's disappearing. When the membrane has a high permeability of P＝1.0×10 5 m/s, for example, restriction of diŠusion by the membrane is extremely small. In this case, the relationship between the b factor and the logarithm of the signal intensity approaches a linear relation, which is well known as the signal attenuation for ideal free diŠusion. Our model did not transfer water`a ctively,'' but depending on the value of P, the membrane could become a barrier. Figure 4 shows the experimentally obtained signal attenuation of one volunteer. A combination of permeability, P, and intracellular diŠusion coe‹-cient, Dint, giving the minimum value of F, existed in each experiment. Theˆgure also shows the result of the simulation for the estimated combination of P and Dint. The estimated intracellular diŠusion coe‹cient of the human brain was (1.0±0.0)× 10 Previous studies have reported membrane permeability values using several invasive methods. Gradilone and colleagues have reported membrane permeability of rat hepatocytes at 49 C at 18 mm/s based on a single silicone-layerˆltering centrifugation system. 11 They incubated isolated rat hepatocytes in hypotonic or isotonic buŠers containing tritiated water as a tracer and calculated membrane permeability from the initial slope of the radioactivity-versus-time curve. Sehy and associates reported membrane permeability of Xenopus oocytes at 23 degrees as 2.7±0.4 mm/s using MR imaging and spectroscopy (MRS). 12 An analysis model was used to determine the membrane permeability from oocyte geometry, the intracellular diŠusion coe‹-cient, and intracellular water lifetime. Garrick's group reported the membrane permeability of rabbit lung cells, consisting primarily of alveolar epithelial and endothelial cells, as 75.5 mm/s, determined at 379 C using tritiated water with the seriesparallel pathway model. 13 They also reported the water permeability of endothelial cells isolated from pulmonary artery at 209 C as 16.0 mm/s; at 309 C as 27.3 mm/s; at 379 C as 30.4 mm/s; and at 419 C as 38.7 mm/s. 14 Membrane permeability depends on the surrounding temperatures. In addition, the membrane permeabilities of biological cells depend on the measurement methods and the type of cell and range from approximately 1 to 100 mm/s. The permeability value estimated in this study was not far from the values obtained in previous studies. The samples used in previous studies to measure permeability may diŠer from intact biological cells because the previous studies were carried out in vitro and depended on the preparation of the samples and the environment of the measure- ments. Our study was free of problems related to sample preparation because we noninvasively measured the diŠusion MR imaging signals of living biological cells.
Experiment
Estimations of intracellular diŠusion coe‹cient and membrane permeability
Tolerance of simulation for noisy data Figure 5 (a) shows the relationships between the b factor and the logarithm of signal intensity of one volunteer for several values of standard deviation. Noise increased as SD increased. When SD was less than 5z, the estimated errors in membrane permeability and intracellular diŠusion coe‹cient were less than 10z. Figure 5(b) shows the locations of signal intensities in the sample, SI, and the standard deviation of the air region, SDair. The SNR of the image at b＝0 was 185.
Discussion
Although water diŠusion in and around cells is 3-dimensional (3D), we performed diŠusion simulations of water molecules using a 2-dimensional (2D) model and obtained reasonable results. We applied the MPG only in the x direction to the numerical model, which consisted of an array of square cells (Fig. 1) . Though diŠusion occurs in both x and y directions, only diŠusion in the x direction aŠects signal intensity. We did not consider anisotropy of diŠusion. Therefore, we can understand that the analyses in this study essentially pertain to a onedimensional phenomenon. As long as the MPG is applied only in the x direction and we do not consider anisotropy, results of 3D and analyses for cubic cells would be equal. Therefore, we considered the 2D analyses as reasonable. Calculation time is substantially shorter for the 2D model than the 3D model. Although even a one-dimensional model is acceptable for our study, we developed the 2D model because it can be applied to strongly anisotropic tissues in our next studies. The simulation in the cited paper 4 was performed using a 3D model because the study aimed at an investigation of anisotropy. Unless the target tissue has noticeable anisotropy, such as the cell body of neurons in gray matter, the simulation can be carried out using the 2D model.
The estimated values were the mean values of cells in a cubic region because the obtained signals were those of the region of interest. We could make a map of membrane permeability and intracellular diŠusion coe‹cient distribution because the proposed method is theoretically applicable to any biological tissues. However, in this paper, we estimated the membrane permeability and intracellular diŠusion coe‹cient without considering anisotropy of tissues. We thought that the proposed method was reasonable for the matter, but could not apply it to white matter because white matter has strong anisotropy and the value of the extracellular diŠu-sion coe‹cient in gray and white matter might be diŠerent. Furthermore, when multiple tissues exist in a cubic region, we need more complex analysis. To map membrane permeability and intracellular diŠusion coe‹cient distribution using brain images, we have to propose a new model of white matter, separate the gray and white matter from the obtained images, and exclude partial volume effects. Such a map is beyond the purpose of this paper and may be the topic of a future paper.
We considered the membrane permeability and intracellular diŠusion coe‹cient as 2 unknown parameters. Other parameters, such as the extracellular diŠusion coe‹cient and shape of the cell, were assumed above. The value of the assumed parameters might change the results in Fig. 2 . Consequently, membrane permeability and intracellular diŠusion coe‹cient essentially depended on our assumptions of the extracellular diŠusion coe‹cient and shape of the cell, which limited the proposed Fig. 6 . Model for estimating membrane permeability P. DiŠusion of magnetization across cell membrane. The jump probability across the membrane, s mem , is derived from the diŠusion coe‹cients in areas 1 and 2, and membrane permeability P.
method. An assumption that physically and physiologically better re‰ects the actual cell state is our future research theme. In addition, the presently used algorithm of theˆnite-diŠerence simulation has unignorable numerical errors in b factors higher than 4000 s/mm 2 . To reduce errors and estimate more precisely the diŠusion parameters, we needed to su‹ciently shorten the lengths of the spatial step, Dx, and time step, Dt. We discuss the details of this elsewhere. 14 Recent studies have shown that brain edema is caused by an increase in membrane permeability in the brain parenchyma. Brain edema often accompanies brain diseases, such as ischemia, hydrocephalus, traumatic brain injury, and brain tumors. Potentially, the proposed method may be applied to diagnosing these diseases at an early stage and to basic studies of the mechanisms of the diseases.
Conclusion
We estimated the membrane permeability and intracellular diŠusion coe‹cient of gray matter in normal human brain in vivo using MR imaging. Cell membrane permeability depends on the species, state, and environment of the cells and can re‰ect ischemia, infarction, and edema. Its estimated value in this paper provides a reference for diagnosing diseases in gray matter. Our method has potential application to the diagnosis of malignant tumors at an early stage and to otherˆelds, such as pathology, biochemistry, and material science.
smem＝ Dt
where D1 and D2 are the diŠusion coe‹cients in areas 1 and 2, and P is the permeability of the membrane. Equation (5) 
where the parameter a is generally determined from several factors, such as the 1 H density and the relaxation times. In this study, we assumed a＝1.
Extracellular diŠusion coe‹cient
The extracellular diŠusion coe‹cient, Dext, was given by
where Dfree is the diŠusion coe‹cient of free water (Dfree＝3.2×10 ) and l is the tortuosity factor (l＝1.5 9 ), which indicates the path length of the diŠusing particles between 2 points due to various obstacles. Consequently, the extracellular diŠusion coe‹cient was calculated as Dext＝1.4×10 
